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S ■ Abstract 

We construct lists of supersymmetric models with extended gauge groups at intermediate steps, 
all of which are based on SO(IO) unification. We consider three different kinds of setups: (i) The 
model has exactly one additional intermediate scale with a left-right (LR) symmetric group; (ii) 
i-S^ . SO(IO) is broken to the LR group via an intermediate Pati-Salam (PS) scale; and (iii) the LR 

I . group is broken into SU{3)c x SU{2)l x C/(1)_r x U{1)b-l-, before breaking to the SM group. 

D ■ We use sets of conditions, which we call the "sliding mechanism", which yield unification with 

the extended gauge group(s) allowed at arbitrary intermediate energy scales. All models thus 
can have new gauge bosons within the reach of the LHC, in principle. We apply additional 
' conditions, such as perturbative unification, renormalizability and anomaly cancellation and find 

OO ' that, despite these requirements, for the ansatz (i) with only one additional scale still around 50 

I different variants exist that can have an LR symmetry below 10 TeV. For the more complicated 



schemes (ii) and (iii) literally thousands of possible variants exist, and for scheme (ii) we have also 
found variants with very low PS scales. We also discuss possible experimental tests of the models 
from measurements of SUSY masses. Assuming mSugra boundary conditions we calculate certain 
combinations of soft terms, called "invariants", for the different classes of models. Values for all 
^ , the invariants can be classified into a small number of sets, which contain information about the 

. class of models and, in principle, the scale of beyond-MSSM physics, even in case the extended 

gauge group is broken at an energy beyond the reach of the LHC. 
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I. INTRODUCTION 



In the MSSM ("Minimal Supersymmetric extension of the Standard Model") gauge cou- 
plings unify at an energy scale of about mc — 2 x 10^^ GeV. Adding particles arbitrarily 
to the MSSM easily destroys this attractive feature. Thus, relatively few SUSY models 
have been discussed in the literature which have a larger than MSSM particle content at 
experimentally accessible energies. Neutrino oscillation experiments Qi, however, have 
shown that at least one neutrino must have a mass mAtm > 0.05 eV. ^ A (Majorana) neu- 
trino mass of this order indicates the existence of a new energy scale below m^. For models 
with renormalizable interactions and perturbative couplings, as for example in the classical 
seesaw models jsl-ll], this new scale should lie below approximately Alnv ^ 10^^ GeV. 

From the theoretical point of view GUT models based on the group 5*0(10) offer 
a number of advantages compared to the simpler models based on SU{b). For example, 
several of the chains through which 5*0 (10) can be broken to the SM gauge group contain 
the left-right symmetric group SU{?>)c x SU{2)l x SU{2)ji x U{1)b~l as an intermediate 



step [10| , thus potentially explaining the observed left-handedness of the weak interactions. 
However, probably the most interesting aspect of 5*0(10) is that it automatically contains 
the necessary ingredients to generate a seesaw mechanism [sl: (i) the right-handed neutrino 
is included in the 16 which forms a fermion family; and (ii) {B — L) is one of the generators 
of 50(10). 

Left-right (LR) symmetric models usually break the LR symmetry at a rather large 
energy scale, mji. For example, if LR is broken in the SUSY LR model by the vev of 
B — L) = 2 triplets [ill, Il3] or by a combination of (i? — L) = 2 and {B — L) = triplets 
niR ^ 10^^ GeV is the typical scale consistent with gauge coupling unification 
(GCU). The authors oi^ find a lower limit of m^j > 10^ GeV from GCU for models where 
the LR symmetry is broken by triplets, even if one allows additional non-renormalizable 
operators or sizeable GUT-scale thresholds to be present. On the other hand, in models with 
an extended gauge group it is possible to formulate sets of conditions on the /3-coefficients for 
the gauge couplings, which allow to enforce GCU independent of the energy scale at which 



the extended gauge group is broken. This was called the "sliding mechanism" in 16 



However, [16| was not the first to present examples of "sliding scale" models in the literature. 
In [18| it was shown that, if the left-right group is broken to SU{2)l x U{1)r x U{1)b-l by 
the vacuum expectation value of a scalar field $1,1,3,0 then ^ the resulting U{1)r x U{1)b-l 
can be broken to f/(l)y of the SM in agreement with experimental data at any energy 



scale. In [l5[ the authors demonstrated that in fact a complete LR group can be lowered to 



^ For the latest fits of oscillation data, see for example 
^ A different (but related) approach to enforcing GCU is taken by the authors of [l7| with what they call 
"magic fields". 

The indices are the transformation properties under the LR group, see next section and appendix for 
notation. 
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the TeV-scale, if certain carefully chosen fields are added and the LR-symmetry is broken 

Finally, 



19 



by right doublets. A particularly simple model of this kind was discussed in 
the authors of 16|] discussed also an alternative way of constructing a sliding LR scale by 
relating it to an intermediate Pati-Salam stage. We note in passing that these papers are 



not in contradiction with the earlier work lll-ll4|. which all have to have large rrin. As 



discussed briefly in the next section it is not possible to construct a sliding scale variant for 
an LR model including pairs of $1,1,3,-2 and $i,3,i,_2. 

Three different constructions, based on different 5*0(10) breaking chains, were considered 
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Iq . In chain-I SO(IO) is broken in exactly one intermediate (LR symmetric) step to the 



standard model group: 



50(10) ^ SU{3), X SU{2)l X SU{2)n x U{1)b-l 



MSSM. 



In chain-II SO(IO) is broken first to the Pati-Salam group: 20 



50(10) ^ 5f/(4) X SU{2)l X SU{2)r 

SU{3), X SU{2)l X SU{2)r x U{1)b^l MSSM. 



(1) 



(2) 



And finally, in chain-Ill: 



50(10) ^ 5f/(3), X SUi2)L X SUi2)R x t/(l)B_L 

^ SU{3), X SU{2)l X U{1)r X U{1)b-l -> MSSM. 



(3) 



In all cases the last symmetry breaking scale before reaching the SM group can be as low as 



C(l) TeV maintaining nevertheless GCU. The papers discussed above [15|, 116|, [181, |19|J give 
at most one or two example models for each chain, i.e. they present a "proof of principle" 
that models with the stipulated conditions indeed can be constructed in agreement with 
experimental constraints. It is then perhaps natural to ask: How unique are the models 
discussed in these papers? The answer we find for this question is, perhaps unsurprisingly, 
that a huge number of variants exist in each class. Even in the simplest class (chain-I) 
we have found a total of 53 variants (up to 5324 "configurations", see next section) which 
can have perturbative GCU and a LR scale below 10 TeV, consistent with experimental 
data. For the two other classes, chain-II and chain-Ill, we have found literally thousands 
of variants. 

With such a huge number of variants of essentially "equivalent" constructions one imme- 
diate concern is, whether there is any way of distinguishing among all of these constructions 
experimentally. Tests could be either direct or indirect. Direct tests are possible, because of 
the sliding scale feature of the classes of models we discuss, see section |Tll Different variants 
predict different additional (s)particles, some of which (being colored) could give rise to 



^ In fact, the sliding mechanism would work also at even lower energy scales. This possibility is, however, 
excluded phenomenologically. 
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spectacular resonances at the LHC However, even if the new gauge symmetry and all addi- 
tional fields are outside the reach of the LHC, all variants have different /3 coefficients and 
thus different running of MSSM parameters, both gauge couplings and SUSY soft masses. 
Thus, if one assumes the validity of a certain SUSY breaking scheme, such as for example 
mSugra, indirect traces of the different variants remain in the SUSY spectrum, potentially 
measurable at the LHC and a future ILC/CLIC. This was discussed earlier in the context 



of indirect tests for the SUSY seesaw mechanism in 2l|-|23l] and for extended gauge models 



m 



16l |. We generalize the discussion of [16| and show how the "invariants", i.e. certain 
combinations of SUSY soft breaking parameters, can themselves be organized into a few 
classes, which in principle allow to distinguish class-II models from class-I or class-Ill and, 
if sufficient precision could be reached experimentally, even select specific variants within a 
class and give indirect information about the new energy scale(s). 

The rest of this paper is organized as follows: in the next section we first lay out the 
general conditions for the construction of the models we are interested in, before discussing 
variants and example configurations for all of the three classes we consider. Section IIIII 
then discusses "invariants", i.e. SUSY soft parameters in the different model classes. We 
then close with a short summary and discussion. Several technical aspects of our work are 
presented in the appendix. 



II. MODELS 

A. Supersymmetric SO (10) models: General considerations 

Before entering into the details of the different model classes, we will first list some 
general requirements which we use in all constructions. These requirements are the basic 
conditions any model has to fulfill to guarantee at least in principle that a phenomenologi- 
cally realistic model will result. 

We use the following conditions: 

• Perturbative SO(IO) unification. That is, gauge couplings unify (at least) as well as 
in the MSSM and the value of ac is in the perturbative regime. 

• The GUT scale should lie above (roughly) 10^^ GeV. This bound is motivated by the 
limit on the proton decay half-live. 

• Sliding mechanism. This requirement is a set of conditions (different conditions for 
different classes of models) on the allowed /3 coefficients of the gauge couplings, which 
ensure the additional gauge group structure can be broken at any energy scale con- 
sistent with ecu. 

• Renormalizable symmetry breaking. This implies that at each intermediate step we 
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assume there are (at least) the minimal number of Higgs fields, which the correspond- 
ing symmetry breaking scheme requires. 



• Fermion masses and in particular neutrino masses. This condition implies that the 
field content of the extended gauge groups is rich enough to fit experimental data, 
although we will not attempt detailed fits of all data. In particular, we require the 
fields to generate Majorana neutrino masses through seesaw, either ordinary seesaw 
or inverse/linear seesaw, to be present. 

• Anomaly cancellation. We accept as valid "models" only field configurations which 
are anomaly free. 

• SO (10) completable. All fields used in a lower energy stage must be parts of a 
multiplet present at the next higher symmetry stage. In particular, all fields should 
come from the decomposition of one of the SO{10) multiplets we consider (multiplets 
up to 126). 

• Correct MSSM limit. All models must be rich enough in particle content that at low 
energies the MSSM can emerge. 

A few more words on our naming convention and notations might be necessary. We 
consider the three different 5*0(10) breaking chains, eq. ([I])-(I2D, and will call these model 
"classes". In each class there are fixed sets of /3-coefficients, which all lead to GCU but with 
different values of ac and different values of aR and as-i at low energies. These different 
sets are called "variants" in the following. And finally, (nearly) all of the variants can be 
created by more than one possible set of superfields. We will call such a set of superfields 
a "configuration". Configurations are what usually is called "model" by model builders, 
although we prefer to think of these as "proto-models", i.e. constructions fulfilling all our 
basic requirements. These are only proto-models (and not full-fiedged models), since we 
do not check for each configuration in a detailed calculation that all the fields required in 
that configuration can remain light. We believe that for many, but probably not all, of 
the configurations one can find conditions for the required field combinations being "light". 



following similar conditions as discussed in the prototype class-I model of [19|. 

All superfields are named as ^3^,2l,2r,1b-l (i^ left-right symmetric stage), ^1/4,2^,2^ (in 
the Pati-Salam regime) and ^'3^,2i^,1jiAb-l ^ U{1)b-l regime), with the indices 

giving the transformation properties under the group. A conjugate of a field is denoted by, 
for example, $3c,2£,2fl,iB_i,, however, without putting a corresponding "bar" (or minus sign) 
in the index. We list all fields we use, together with their transformation properties and 
their origin from 5*0(10) multiplets, complete up to the 126 of 50(10) in the appendix. 
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B. Model class-I: One intermediate (left-right) scale 



We start our discussion with the simplest class of models with only one new intermediate 
scale (LR): 

SO{10) SU{3), X SU{2)l X SU{2)r x U{1)b-l ^ MSSM . (4) 

We do not discuss the first symmetry breaking step in detail, since it is not relevant for the 
following discussion and only mention that 5*0 (10) can be broken to the LR group either via 



the interplay of vevs from a 45 and a 54, as done for example in 19|, or via a 45 and a 210 



an approach followed in [18|]. In the left-right symmetric stage we consider all irreducible 
representations, which can be constructed from 5*0(10) multiplets up to dimension 126. 
This allows for a total of 24 different representations (plus conjugates), their transformation 
properties under the LR group and their 5*0(10) origin are summarized in table HVl (and 
table |V]) of the appendix. 

Consider gauge coupling unification first. If we take the MSSM particle content as a 
starting point, the /3-coefficients in the different regimes are given as: ^ 

= (-7,-3,21/5) 
= (-3,1,33/5) 

(6^^ b'/, = (-3, 1, 1, 6) + {Abl\ Ab^\ Ab'/, Ab^^) (5) 

where we have used the canonical normalization for [B — L) related to the physical one 
by [B — Ly = \I\{B — Ly. Here, Abf^ stands for the contributions from additional 
superfields, not accounted for in the MSSM. 

As is well known, while the MSSM unifies, putting an additional LR scale below the 
GUT scale with VAfcf^ = destroys unification. Nevertheless GCU can be maintained, 
if some simple conditions on the Abf^ are fulfilled. First, since in the MSSM 03 = 02 at 
roughly 2 x 10^^ GeV one has that A^g^ = Afeg^ = Ab in order to preserve this situation 
for an arbitrary LR scale (sliding condition). Next, recall the matching condition 

3 2 

ai\mR) = -a]y{mn) + -a^^i^imn) (6) 

which, by substitution of the LR scale by an arbitrary one above rufj, allows us to define 
an artificial continuation of the hypercharge coupling constant ai into the LR stage. The 
/9-coefficient of this dummy coupling constant for E > mji is + and it should 

be compared with bf^^^^^ {E < niR); the difference is |A6^^ + |A6^^^ - y and it must be 
equal to Ab in order for the difference between this ai coupling and 03 = a2 at the GUT 
to be independent of the scale ttir. These are the two conditions imposed by the sliding 



For bf^^ and fof^''^ we use the SM particle content plus one additional Higgs doublet. 
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requirement of the LR scale on the /3-coefficients [see eq. ([7])]. Note, however, that we did 
not require (approximate) unification of an and ub-l with as and 02; it was sufficient to 
require that = ~ + I'^b-l- ^'^Y case, we can always achieve the desired 
unification because the sphtting between aR and as-L at the tur scale is a free parameter, 
so it can be used to force aR = as-L at the scale where and ^2 unify, which leads 
to an almost perfect unification of the four couplings. Also, we require that unification is 
perturbative, i.e. the value of the common coupling constant at the GUT scale is a'^ > 0. 
From the experimental value of asifriz) 2J] one can easily calculate the maximal allowed 
value of Ab as a function of the scale, where the LR group is broken to the SM group. This 
is shown in fig. [T]for three different values of a^^. The smallest Max(A6) is obtained for 
the smallest value of tur (and the largest value of ctQ^). For in the interval [0,3] one 
obtains Max(A6) in the range [4.7,5.7], i.e. we will study cases up to a Max(A6) = 5 (see, 
however, the discussion below). 




mfi[GeV] 

Figure 1: Maximum value of Ab allowed by perturbativity as function of the scale niR in GeV. 
The three different lines have been calculated for three different values for the unified coupling 
namely a^^ = 0,3, 10. An LR scale below 10 TeV (1 TeV) requires Max(A63) < 5.7 (5.2) if 
the extreme value of = is chosen and Max(A63) < 5.1 (4.7) for = 3. 

All together these considerations result in the following constraints on the allowed values 
for the Ab^^: 



A6^^ 



A6f« 



Ab < 5, 



(7) 



:A6^^ - 9 



-Ab < 



25 

Given eq. ([7]) one can calculate all allowed variants of sets of Abf^, guaranteed to give 
GCU. Two examples are shown in fig. [2J The figure shows the running of the inverse 
gauge couplings as a function of the energy scale, for an assumed value of niR = 10 TeV 
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and a SUSY scale of 1 TeV, for (Afef ^, A6^^, A6^^, A6^^^) = (0,0,1,15/2) (left) and 
= (4,4,10,4) (right). The example on the left has Oq^ ^ 25 as in the MSSM, while the 
example on the right has a'^ ~ 6. Note that while both examples lead by construction 
to the same value of ai{mz), they have very different values for aR^rriR) and aB-ii'm'R) 
and thus predict different couplings for the gauge bosons Wr and Z' of the extended gauge 
group. 




10^ 10* lO*" 10** 10'" 10'^ 10"* 10'^ 10"* 10^ 10* 10* 10** 10'" 10'- 10'* 10'* 10"* 

E (GeV) E (GeV) 

Figure 2: Gauge coupling unification in LR models for uir = 10"^ GeV. Left panel is for 
(Ab^^, Ab^^, Ab'jf , Ab^^^) = (0, 0, 1, 15/2) and right panel for (4, 4, 10, 4). 



With the constraints from eq. ([7]), we find that a total of 65 different variants can be 
constructed. However, after imposing that at least one of the fields that breaks correctly 
the SU{2)rX U{1)b-l symmetry to f/(l)y is present, either a $1,1,3,-2 or a $1,1,2,-1 (and/or 
their conjugates), the number of variants is reduced to 53. We list them in tables HI and Hit 
together with one example of field configurations which give the corresponding Ab^^. 

We give only one example for each configuration in tables [T] and [TTl although we went 
through the exercise of finding all possible configurations for the 53 variants with the field 



content of table IIV[ In total there are 5324 anomaly- free configurations 25|] . Only the 
variants (0,1), (0,2), (0,4) and (0,5) have only one configuration, while larger numbers of 
configurations are usually found for larger values of Ab^^. 

Not all the fields in table IIVI can lead to valid configurations. The fields which never 
give an anomaly-free configuration are: $8,2,2,0, $322^5 "^331-2, $313-2, $6 312, $613^ 
and $1,3,3,0- Also the field $322-^ appears only exactly once in the variant (5,5) in the 
configuration 4$i,2,i,i + $3,1,1,- 1 + $3,2,2,-| + 4$i,i,2,i + 2$i,i,i,2 + 5$3 ^ ^ _ 2 . Note that, the 
example configurations we give for the variants (1,3) and (1,4) are not the model-II and 



model-I discussed in 16 



Many of the 53 variants have only configurations with $1,1,2,-1 (and conjugate) for the 
breaking of the LR-symmetry. These variants need either the presence of $1,3,1,0 [as for 
example in the configuration shown for variant (2,1)] or $1,1,3,0 [see, for example (1,4)] or 
an additional singlet $1,1,1,0 (not shown, since no contribution to any Ab^^), to generate 
seesaw neutrino masses. Using the $1,1,1,0 one could construct either an inverse 26|] or a 
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{Ab, A6fj) Sample field combination 



(0, 1) ^1,1,2-1 + 2l>l,l,l,2 + ^1,1,2,-1 + 23>1,1,1,2 

(0, 2) 2$i,i,2,-l + 1-1,1,1,2 + 2*1,1,2,-1 + *1,1,1,2 

(0, 3) ^1,1,2,-1 + ^1,1,1,2 + ^1,1,2,-1 + *1, 1,3,0 + ^1,1,1,2 

(0, 4) 2$i,i,2,-l + 2*1,1,2,-1 + *1,1,3,0 

(0, 5) *1,1,2,-1 + *1, 1,2,-1 + 2*1,1,3,0 

(1, 1) *1,2,1,1 + *1,1,2 -1 + 2*1,1,1,2 + *3,1,1,-| + *1,2,1,1 + *1,1,2 -1 + 2*1,1,1,2 + *3,1,1,-| 

(1, 2) *1,1,2 -1 + 2*1,1,1,2 + *3,1,1,-| + *1,1,2,-1 + *1,2,2,0 + 2*1,1,1,2 + *3,1,1,-| 

(1, 3) 2*1,1,2,-1 + *1,1,1,2 + ^3,1,1,-1 + 2*1,1,2,-1 + *1,2,2,0 + *1,1,1,2 + *3,l,l,-§ 

(1, 4) *1,1,2,-1 + *1,1,1,2 + *3,1,1,-| + *1, 1,2,-1 + *1,1,3,0 + *1,2,2,0 + *1,1,1,2 + *3,1,1,-| 

(1, 5) 2*1,1,2,-1 + *3,1,1,-| + 2*1,1,2,-1 + *1,1,3,0 + *1,2,2,0 + *3,l,l,-§ 

(1, 6) *1,1,2,-1 + ^3,1,1,-1 + ^1,1,2,-1 + 2*1,1,3,0 + *1,2,2,0 + *3,1,1,-| 

(2, 1) *1,1,2,-1 + 3*1,1,1,2 + 2*3_i_i,_| + *1,1,2,-1 + *1,3,1,0 + 3*1,1,1,2 + 2*3,i,i,_| 

(2, 2) 2*1,1,2,-1 + 2*1,1,1,2 + 2*3,i,i,_| + 2*1,1,2,-1 + *1,3,1,0 + 2*1,1,1,2 + 2*3,i,i,_2 

(2, 3) *1,1,2,-1 + 2*1,1,1,2 + 2*3^1^1 _| + *1,1,2,-1 + 2*1,2,2,0 + 2*1,1,1,2 + 2*3,1,1 _| 

(2, 4) 2*1,1,2,-1 + *1,1,1,2 + 2*3,i,i,_| + 2*1,1,2,-1 + 2*1,2,2,0 + *1,1,1,2 + 2*3,i,i,_| 

(2, 5) *1,1,2,-1 + *1, 1,1-2 + 2*3^1^1 _2 + *1,1,2,-1 + *1,1,3,0 + 2*1,2,2,0 + *1, 1,1,2 + 2^^ ^^^ _2 

(2, 6) 2*1,1,2,-1 + 2*3,i,i,_| + 2*1,1,2,-1 + *1,1,3,0 + 2*1,2,2,0 + 2*3,i,i,_| 

(2, 7) *1,1,2,-1 + 2*3,i,i,_| + *1,1,2,-1 + 2*1,1,3,0 + 2*1,2,2,0 + 2*3,i,i,_| 

(2, 8) *1,1,2,-1 + *3,l,2,i + *1, 1,2,-1 + *1,1,3,0 + 2*1,2,2,0 + *3,l,2,i 

(3, 1) *1,2,1,1 + *1,1,2,-1 + 4*1,1,1,2 + *1,2,1,1 + *1,1,2,-1 + *1,3,1,0 + *8,1,1,0 + 4*1,1,1,2 

(3, 2) *1,1,2,-1 + 4*1,1,1,2 + *1, 1,2,-1 + *1,3,1,0 + *1,2,2,0 + *8, 1,1,0 + 4*1,1,1,2 

(3, 3) 2*1,1,2,-1 + 3*1,1,1,2 + 2*1,1,2,-1 + *1,3,1,0 + *1,2,2,0 + *8, 1,1,0 

+ 3*1 

,1,1,2 

(3, 4) *1,2,1,1 + *l,l,3,-2 + *1,2,1,1 + *1,3,1,0 + *8,1,1,0 + *1, 1,3,-2 

(3, 5) *l,l,3,-2 + *1,3,1,0 + *1,2,2,0 + *8,1,1,0 + *l,l,3,-2 

(3, 6) *1,1,2,-1 + 2*1,1,1,2 + *1,1,2,-1 + *1, 1,3,0 + 3*1,2,2,0 + *8,1,1,0 + 2*1,1,1,2 

(3, 7) 2*1,1,2,-1 + *l,l,l-2 + 2*1,1,2,-1 + *1, 1,3,0 + 3*1,2,2,0 + *8,1,1,0 + *1,1,1,2 

(3, 8) *1,1,2,-1 + *1,1,1,2 + *1,1,2,-1 + 2*1,1,3,0 + 3*1,2,2,0 + *8,1,1,0 + *1,1,1,2 

(3, 9) 2*1,1,2,-1 + 2*1,1,2,-1 + 2*1,1,3,0 + 3*1,2,2,0 + *8,1,1,0 

(3, 10) *1,1,2,-1 + *1, 1,2,-1 + 3*1,1,3,0 + 3*1,2,2,0 + *8,1,1,0 



Table I: List of the 53 variants with a single LR scale. Shown are the 29 variants with A63 < 4. In 
each case, the fields shown are the extra ones which are needed besides the ones contained in the 
MSSM representations (the 2 Higgs doublets are assumed to come from one bi-doublet *i.2,2,o)- 
The A63, A62, A6/J, AbB~L values can be obtained from the first column through eqs ([7|). 
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(A5, Abji) Sample field combination 



(4, 


1) 


$1,1,2- 


1 - 


1-5*1,1,1,2 -1 


-*3,l,l,-i- 


f $1,1,2,-1 - 


f 2*1,3,1,0 + *8,1,1,0 + 5*1,1,1,2 


+ '^'3,1,1,-2 






(4, 


2) 


2$1,1,2, 


-1 


+ 4*1,1,1,2 


+ ^3,1,1,-1 


+ 2$1,1,2,- 


1 + 2*1,3,1,0 + *8,1,1,0 + 4*1,1,1,2 + *3,i,i, 


2 
3 




(4, 


3) 


$1,1,2,- 


1 - 


l-4$i,i, 1,2-1 


-^3,1,1,-i- 


^- $1,1,2,-1 - 


f $1,3,1,0 + 2$1,2,2,0 + $8,1,1,0 


-4*1,1,1,2 ^ 


-^3,1,1, 


2 
3 


(4, 


4) 


$1,1,1,2 


+ 


^3,1,1,-1 + 


$1,1,3,-2 + 


2$1,3,1,0 + 


$8,1,1,0 + $1,1,1,2 + $3,1,1,-2 + 


$1,1,3,-2 






(4, 


5) 


$1,1,2,- 


1 - 




^- $1,1,3,-2 


+ $1,1,2,-1 


+ 2$1,3,1,0 + $8,1,1,0 + $3,1,1,-1 


+ $1,1,3,-; 


2 




(4, 


6) 


^3,1,1,- 


2 - 
3 


f $1,1,3,-2 


^- $1,3,1,0 + 


2$1,2,2,0 + 


$8,1,1,0 + $3,1,1,-1 +$1,1,3,-2 








(4, 


7) 


$1,1,2,- 


1 - 


1- 2$i,i,i,2 -1 


-■^3,1,1,-1- 


f $1,1,2,-1 - 


f $1,1,3,0 + 4$1,2,2,0 + $8,1,1,0 


-2*1,1,1,2 ^ 


-*3,1,1, 


2 
3 


(4, 


8) 


2$1,1,2, 


-1 


$1,1,1,2-1 


-^3,1,1,-f - 


f 2*1,1,2,-1 


+ $1,1,3,0 + 4$1,2,2,0 + $8,1,1,0 


+ *l,l,l,2^ 


-*3,1,1, 


2 
3 


(4, 


9) 


$1,1,2,- 


1 - 


1- $1,1,1,2 + 


^3,1,1,-1 + 


$1,1,2,-1 + 


2$1,1,3,0 + 4$1,2,2,0 + $8,1,1,0 


$1,1,1,2 + 




2 
3 


(4, 


10) 


2$1,1,2, 


-1 


+ ^3,1,1,-1 


+ 2$1,1,2,- 


-1 + 2*1,1,3,0 + 4*1,2,2,0 + $8,1,1,0 + $3,1,1,- 


2 
3 






(4, 


11) 


$1,1,2,- 


1 - 


^^3,1,1,-f 


f $1,1,2,-1 


+ 3$1,1,3,0 - 


f 4*1,2,2,0 + $8,1,1,0 + $3,1,1,-2 








(5, 


1) 


$1,2,1,1 


+ 


$1,1,2,-1 + 


5$1, 1,1,2 + 


2^3,1,1,-f - 


H $1,2,1,1 + $1,1,2,-1 + 2$i,3,l,0 


+ $8,1,1,0 










+ 5$1,1,1,2 


+ 2$3,1,1,- 


•2 
3 













(5, 2) 
(5, 3) 



(5, 10) 

(5, 11) 
(5, 12) 
(5, 13) 



$1,1,2,-1 + 5$i,i,i,2 + 2$3 1 1 _| + $1,1,2,-1 + 2$i,3,l,0 + $1,2,2,0 + $8,1,1,0 + 5$i,i,i,2 
+2*3,1,1,-2 



2$1,1,2,-1 -I 

+2*3,1,1,-5 



4*1 1. 



1,2 



2* 



3,1,1,-1 



2*1,1,2,-1 + 2*1,3,1,0 + *1,2,2,0 + $8,1,1,0 + 4*1,1,1,2 



(5, 


4) 


$1,2,1,1 H 


-$1,1,1,2 + 


2*3,1,1.-2 + 


$1,1,3,-2 - 


H $1,2,1,1 + 2*1,3,1,0 + $8,1,1,0 + $1,1,1,2 + 2$3,i,i 






+ $1,1,3,- 


-2 








(5, 


5) 


$1,1,1,2 H 


^ 2$3,l,l,-2 


+ $1,1,3,-2- 


^ 2*1,3,1,0 


+ $1,2,2,0 + $8,1,1,0 + $1,1,1,2 + 2*3_^_^ _2 






+ $1,1,3,- 


-2 








(5, 


6) 


$1,1,2,-1 


+ 2$3,1,1,- 


2 + $1,1,3.-2 

3 


+ $1,1,2,- 


-1 + 2*1,3,1,0 + *1,2,2,0 + $8,1,1,0 + 2*3^^^^ _2 






+ $1,1,3,- 


-2 






(5, 


7) 


2*3,1,1,- 


2 +$1,1,3,- 

3 


-2 + $1,3,1,0 - 


^ 3*1,2,2,0 


+ $8,1,1,0 + 2$3,i,i,-2 + $1,1,3,-2 


(5, 


8) 


*3,l,2,i - 


f $1,1,3,-2 - 


f 2*1,3,1,0 + 


$1,2,2,0 + 


$8,1,1,0 + $3,1,2,1 +$1,1,3,-2 


(5, 


9) 


2$1,1,2,- 


1 + $1,1,1,2 


+ 2*3,1,1,-2 


+ 2*1,1,2, 


-1 + $1,1,3,0 + 5$1,2,2,0 + $8,1,1,0 + $1,1,1,2 



+ 2*3,1,1,-2 
$1,1,2,-1 + $1,1,1,2 
+ 2*3,1,1,-2 



2*, 



$1,1,2,-1 + 2*1,1,3,0 + 5*1,2,2,0 + $8,1,1,0 + $1,1,1,2 



2$1,1,2,-1 + 2*3_^_i _2 + 2*1,1,2,-1 + 2*1,1,3,0 + 5*1,2,2,0 + $8,1,1,0 + 2$3,i,i, 
$1,1,2,-1 + 2*3_^_^ _2 + *1,1,2,-1 + 3*1,1,3,0 + 5*1,2,2,0 + $8,1,1,0 + 2*3_^_^ _2 
$1,1,2,-1 + $3 1,2 1 + $1,1,2,-1 + 2$1,1,3,0 + 5$1,2,2,0 + $8,1,1,0 + $3,l,2,i 



Table II: List of the 53 variants with a single LR scale. Shown are the remaining 24 variants, with 
A63 > 4. 
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linear 27|, |28| seesaw mechanism, while with $1,3,1,0 a seesaw type-Ill 29|] is a possibility 



and, finally a $1,1.3,0 allows for an inverse seesaw type-Ill [16|. The first example where a 
valid configuration with $1,1,3,-2 appears is the variant (3,4). The simplest configuration is 
$1,2,1,1 + $1,3,1,0 + $8,1,1,0 + $1,1,3,-2 + $1,2,1,1 + $1,1,3,-2 (not the example given in table H]). 
The vev of the $1,1,3,-2 does not only break the LR symmetry, it can also generate a 
Majorana mass term for the right-handed neutrino fields, i.e. configurations with $1,1,3,-2 
can generate a seesaw type-I, in principle. Finally, the simplest possibility with a valid 
configuration including $1,3,1,-2 is found in variant (4,1) with $1,1,2,-1 + $8,1,1,0 + $1,1,1,2 + 
"^3,1,1,1 + "^1,3,1,-2 + $1,1,2,-1 + $1,1,1,2 + $3,1,1, 1 + $1,3,1,-2- The presence of $1,3,1,-2 allows 
to generate a seesaw type-II for the neutrinos. 

As mentioned in the introduction, it is not possible to construct a sliding scale model in 
which the LR symmetry is broken by two pairs of triplets: $1,3,1,-2 + $1,3,1,-2 + $1,1,3,-2 + 
$1,1,3,-2- The sum of the A6's for these fields adds up to (A6f^, 6^^, A6^^, Ab^^^) = 
(0, 4, 4, 18). This leaves only the possibilities (4, 4), (5, 4), (5, 5), etc. from table HTl However, 
the largest Abj^^j^ of these models is (5,4) which allows for Ab^^^ = 31/2, smaller than 
the required 18. This observation is consistent with the analysis done in 15|], where the 
authors have shown that a supersymmetric LR-symmetric model, where the LR symmetry 
is broken by two pairs of triplets, requires a minimal LR scale of at least 10^ GeV (and, 
actually, a much larger scale in minimal renormalizable models, if GUT scale thresholds 
are small). 

A few final comments on the variants with Afeg^ = Afcg^ = 0. Strictly speaking, none of 
these variants is guaranteed to give a valid model in the sense defined in sub-section III A 



since they contain only one $1,2,2,0 {Hu, Hd) and no vector-like quarks (no $3,1,1,1 or 
$311-2). With such a minimal configuration the CKM matrix is trivial at the energy scale 
where the LR symmetry is broken. We nevertheless list these variants, since in principle 
a CKM matrix for quarks consistent with experimental data could be generated at 1-loop 
level from fiavor violating soft terms, as discussed in 30 . 

Before we end this section let us mention that variants with Ab^^ = 5 will not be 
testable at LHC by measurements of soft SUSY breaking mass terms ("invariants"). This 
is discussed below in section IIII A[ 



C. Model class-II: Additional intermediate Pati-Salam scale 

In the second class of supersymmetric 5*0(10) models we consider, 5*0(10) is broken 
first to the Pati-Salam (PS) group. The complete breaking chain thus is: 

50(10) ^ 5f/(4) X SU{2)l x SU{2)r (8) 
-> SU{3), X SU{2)l X SU{2)r x U{1)b^l ^ MSSM. 

The representations available from the decomposition of 50(10) multiplets up to 126 are 
listed in table |V] in the appendix, together with their possible 5*0(10) origin. Breaking 
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so (10) to the PS group requires that from the 54 takes a vev. The subsequent 

breaking of the PS group to the LR group requires that the singlet in \[^i5,i,i, originally 
from the 45 of 5*0(10), acquires a vev. And, finally, as before in the LR-class, the breaking 
of LR to SU{3)c X SU{2)l x U{1)y can be either done via $1,1,2,-1 or $1,1,3,-2 (and/or 
conjugates). 



.0 
<i 

I 



<1 




10- 



10' 



10** 10'" 10' 
mps[GeV] 



10' 



10" 



Figure 3: Maximum value of /Sb^^ — Ab^^ allowed by perturbativity as function of the scale mps 
in GeV. The different lines have been calculated for six different values of Ab^^. The plot assumes 
that m/f = 1 TeV. The line near the bottom corresponds to Abg^ = 7. 



The additional bi coefficients for the regime [rraps, "h^gc/t] are given by: 



PS LPS' i^PS\ 
'4 5O2 .Oi? J 



;-6,l,l) + (A6r,A6r,A6^ 



uPS 



uPS\ 



(9) 



where, as before, the Abf^ include contributions from superfields not part of the MSSM 
field content. 

In this class of models, the unification scale is independent of the LR one if the following 
condition is satisfied: 

= - A6-, I A6- + I A6-, - A6- - f ) . ( _5 ) . {^'Isl^ffsl',) 

(10) 

It is worth noting that requiring also that mp^ is independent of the LR scale would lead to 
the conditions in eq. ([7]), which are the sliding conditions for LR models. We can see that 
this must be so in the following way: for some starting values at mps of the three gauge 
couplings, the scales mps and mc can be adjusted such that the two splittings between the 
three gauge couplings are reduced to zero at m^. This fixes these scales, which must not 
change even if mp is varied. As such a^^ {trips) ~ (^2^ ijnps) and ^3 ^ {tnps) — (ttT'Ps) 
are also fixed and they can be determined by running the MSSM up to mps- The situation 
is therefore equal to the one that lead to the equalities in eq. ([7]), namely the splittings 
between the gauge couplings at some fixed scale must be independent of rriR. 
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Since there are now two unknown scales involved in the problem, the maximum Abf 
allowed by perturbativity in one regime do not only depend on the new scale X, but also 
on the AbJ in the other regime as well. As an example, in fig. EJwe show the Max(A6f'^) 
allowed by > for different values of Afeg^ and for the choice ttir = 1 TeV and and 
rriG = 10^^ GeV. The dependence of Max(A6f on m/? is rather weak, as long as mn does 
not approach the GUT scale. 

If we impose the limits = 10^ GeV, mps < 10^ GeV and take rriG = 10^^ GeV, the 
bounds for the different Ab' s can be written as: ^ 

Ab^^ + —Ab!^^ <7.2 (11) 
2 2 V ; 

A6f^ + ^A6f^ < 10 (12) 
^Abr + ^ A6^- + A (lAb^^n, + < 17 (13) 

However, as fig. ([3]) shows, Max(A6f'^) is a rather strong function of the choice of Ab^^. 
Note, that if nips is low, say below 10^° GeV larger Abf^^ are possible, up to Ab^^ = 7, 
see fig. (I3D. The large values of Max(Afe^^) and Max(A6^'^) allow, in principle, a huge 
number of variants to be constructed in class-II. This is demonstrated in fig. (jlj), where 
we show the number of variants for an assumed m^j ~ 1 TeV as a function of the scale 
mps- Up to mps = 10^^ GeV the list is exhaustive. For larger values of rrips we have 
only scanned a finite (though large) set of possible variants. Note, that these are variants, 
not configurations. As in the case of class-I practically any variant can be made by several 
possible anomaly-free configurations. The exhaustive list of variants {mps = 10^^ GeV) 



25 



contains a total of 105909 possibilities and can be found in 

With such a huge number of possible variants, we can discuss only some general features 
here. First of all, within the exhaustive set up to mp^ = 10^^ GeV, there are a total of 
1570 different sets of Ab^^, each of which can be completed by more than one set of Abf^. 
Variants with the same set of Abf^ but different completion of Ab[^ have, of course, the 
same configuration in the LR-regime, but come with a different value for mps for fixed rrip. 
Thus, they have in general different values for ap-i and at the LR scale and, see next 
section, different values of the invariants. For example, for the smallest values of Abf^, 
that are possible in principle [Ab^^ = (0, 0, 1, 3/2)], there are 342 different completing sets 
of Afef ^. 

The very simplest set of Ab^^ possible, Abf^ = (0, 0, 1, 3/2), corresponds to the configu- 
ration $1,1,2,-1 + 5'i, 1,2,-1- These fields are necessary to break SU{2)p x U{1)b-l U{1)y- 



^ In fact, the bounds shown here exclude a few variants with mps < 10^ GeV. This is because of the 
following: while in most cases the most conservative assumption is to assume that rrips is as large as 
possible (= 10^ GeV; this leads to a smaller running in the PS regime) in deriving these bounds, there 
are some cases where this is not true. This is a minor complication which nonetheless was taken into 
account in our computations. 



13 



nips (GcV) 


10^4- 






10^4 


10^2. 






10l2 






lU 




10^- 




107- 


10^ 


10*^- 


107 


10^- 


10^ 


104- 


l& 


10^- 


104 



74388 




100 



1000 



10000 



# variants 



100000 



Figure 4: The number of possible variants in model class-II, assuming niR is of order m/j ~ 1 TeV 
as a function of mps- Up to mp^ = 10^^ GeV the list is exhaustive. For larger values of mps we 
have only scanned a finite (though large) set of possible variants. 

Their presence in the LR regime requires that in the PS-regime we have at least one set 
of copies of \I/4,i,2 + ^4,1,2- In addition, for breaking the PS group to the LR group, we 
need at least one copy of ^I^i5,i,i. However, the set of \l/4,i,2 + ^4,1,2 + ^15,1,1 '^'^^ suffi- 
cient to generate a sliding scale mechanism and the simplest configuration that can do so, 
consistent with Afef^ = (0,0, 1,3/2), is 8^1,2,2 + 4^i,i,3 + ^4,1,2 + ^4,1,2 + ^15,1,1, leading 
to A6f = (6, 3, 15) and a very low possible value of mps of mps = 8.2 TeV for nip = 1 
TeV (see, however, the discussion on leptoquarks below). The next possible completion for 
'^'1,1,2,-1 + ^1,1,2,-1 is 3^^1,2,2 + 5^1,1,3 + ^4,1,2 + ^^4,1,2 + ^15,1,1. with AbP = (6, 3, 17) and 
mps = 1.3 X 10^ GeV (for nip = 1 TeV), etc. 

As noted already in section Hi Bt one copy of $1,2,2,0 is not sufficient to produce a realistic 
CKM matrix at tree-level. Thus, the minimal configuration of $1,1,2,-1 + $1,1,2,-1 relies on 
the possibility of generating all of the departure of the CKM matrix from unity by fiavor 



violating soft masses 30|]. There are at least two possibilities to generate a non-trivial 
CKM at tree-level, either by adding (a) another $1,2,2,0 plus (at least) one copy of $1,1,3,0 
or via (b) one copy of "vector-like quarks" $3 ^ 4 or $3 ^ Consider the configuration 
$1,1,2,-1 + $1,1,2,-1 + $1,2,2,0 + $1,1,3,0 first. It leads to A6f^ = (0, 1,4,3/2). Since $1,2,2,0 and 
$1,1,3,0 must come from ^1^1,2,2 (or ^^15,2,2) and ^I^i,i,3, respectively, the simplest completion for 
this set of A6f^ is again 3^^1,2,2+4^1,1,3 + ^4,1,2 + ^4,1,2 + ^15,1,1, leading to Abf^ = (6, 3, 15) 
and value of mps of, in this case, mps = 5.4 TeV for nip = 1 TeV. Again, many completions 
with different Abf^ exist for this set of Abf^. 

The other possibility for generating CKM at tree-level, adding for example a pair of 
$3,1,1,-2 + $3i^_2, has Abi^ = (1,0, 1,5/2) and its simplest PS-completion is 4\l/i,2,2 + 
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4^1,1,3 + ^4,1,2 + ^4,1,2 + ^6,1,1 + ^15,1,1. ^ith Abf^ = (7,4, 16) and a mps = 4.6 x 10^ 
TeV for m^j = 1 TeV. Also in this case one can find sets with very low values of mps- For 
example, adding a $1,2,2,0 to this LR-configuration (for a Abf^ = (1,1,2,5/2)), one finds 
that with the same Abf^ now a value of mps as low as mps = 8.3 TeV for nip = 1 TeV is 
possible. 

We note in passing that the original PS-class model of 16| in our notation corresponds to 
Abf^ = (1, 2, 10, 4) and $1,1,2,-1 + $1,1,2,-1 + $1,2,1,1 + $1,2,1,1 + $1,2,2,0 + 4$i,i,3,o + '^'3,i,i,-| + 
$3,i,i,_2, completed by Abf^ = (9,5, 13) with ^4,1,2 + ^4,1,2 + ^4,2,1 + ^4,2,1 + ^1,2,2 + 
4^l/i,i,3 + ^6,1,1 + ^15,1,1- The lowest possible nips for a nip = 1 TeV is mps = 2.4 x 10^ 
GeV. Obviously this example is not the simplest construction in class-II. We also mention 
that while for the /3-coefficients it does not make any difference, the superfield $1,1,3,0 
can be either interpreted as "Higgs" or as "matter". In the original construction 16| this 
"arbitrariness" was used to assign the 4 copies of $1,1,3,0 to one copy of = $1,1,3,0, i-e. 
"Higgs" and three copies of E*^ = $1,1,3,0, i-e. "matter". In this way Q'^ can be used to 
generate the CKM matrix at tree-level (together with the extra bi-doublet $1,2,2,0), while 
the E*^ can be used to generate an inverse seesaw type-Ill for neutrino masses. 

As fig. (jl]) shows, there are more than 600 variant in which mps can, in principle, 
be lower than rrips = 10^ TeV. Such low PS scales, however, are already constrained by 
searches for rare decays, such as Bg — > fi^fi". This is because the \1/ 15,1,1, which must be 
present in all our constructions for the breaking of the PS group, contains two leptoquark 
states. We will not study in detail leptoquark phenomenology [311 here, but mention that 
in the recent paper 32] absolute lower bounds on leptoquarks within PS models of the order 
of ~ 40 TeV have been derived. There are 426 variants for which we find mps lower 
than this bound, if we put mp to 1 TeV. Due to the sliding scale nature of our construction 
this, of course, does not mean that these models are ruled by the lower limit found in 32 . 



Instead, for these models one can calculate a lower limit on mp from the requirement that 
mps = 40 TeV. Depending on the model, lower limits on mp between mp = [1.3, 27.7] TeV 
are found for the 426 variants from this requirement. 

Two example solutions can be seen in fig. O We have chosen one example with a very 
low mps (left) and one with an intermediate mps (right). Note, that different from the 
class-I models, in the class-II models the GUT scale is no longer fixed to the MSSM value 
mc ~ 2 X 10^^ GeV. Our samples are restricted to variants which have mc in the interval 
[10^6, 1018] GeV. 



D. Models with an U{l)p, x U{1)b~l intermediate scale 

Finally, we consider models where there is an additional intermediate symmetry U {l)p x 
U{1)b-l that follows the stage SU(2)p x U{1)b-l- The field content relevant to this model 
is specified in table |VT1 of the appendix. In this case the original 50(10) is broken down to 
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10- 10* 10* lO'* 10'" 10'^ 10" 10'* 10"* 10- 10-* 10* 10** 10"' 10'^ lO'-* 10'* 10"* 
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Figure 5: Gauge coupling unification for PS models with m/j = 10^ GeV. In the plot to the left 
(A5|'^,A6f^,A6^^,A6^^^,A6f'5,A6f^,A5|^^) = (3,5,10,3/2,8,5,17), while the plot to the 
right corresponds to Ab' s = (3, 4, 12, 6, 8, 4, 12). 



the MSSM in three steps, 

50(10) ^ SUiS), X SUi2)L X SUi2)R x U{1)b^l (14) 
^ SU{3), X SU{2)l X U{1)r X U{1)b-l ^ MSSM. 

The first step is achieved in the same way as in class-I models. The subsequent breaking 
SU{2)r X U{1)b^l U{1)r X f/(l)B_L is triggered by $5 = $1,1,3,0 and the last one 
requires $4 = 1 $20 = ^'1,1,1,-2 their conjugates. 

In theories with more that one U{1) gauge factor, the one loop evolution of the gauge 
couplings and soft-SUSY-breaking terms are affected by the extra kinetic mixing terms. 
The couplings are defined by the matrix 

G = ( ] . (15) 

V 9xR 9xx J 



and A{t) = (GG^)/(47r) = iA~\to) - 7(t - to))~\ where t = ^log(^) \m- Here, /i and 
fio stand for the energy scale and its normalization point and A is the generalization of a 
to matrix form. The matrix of anomalous dimension, 7, is defined by the charges of each 
chiral superfield / under U{1)r and U{1)b^l- 

i = T.QfQ'f (16) 
/ 

where Qf denotes a column vector of those charges. Taking the MSSM's field content we 
find 
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To ensure the canonical normalization of the B — L charge within the 5*0(10) framework, 
7 should be normalized as 7^^"" = N'j^'^y^N, where N = diag(l, w3/8). 



Then, the additional /3 coefficients for the running step [rriB-L^^R] are given by, 

(6f-^ 6f "^ 7|«^ 7l^^^ 7lx^) = (-3, 1, e, 0, ?) + (A6f-^ A6^^ A7,?h,, A7xi?, A7xx). 

(18) 

As in the previous PS case, we consider tub^l = 10'^ GeV, rriG > 10^^ GeV and < 10^ 
GeV. Taking into account the matching condition: 

Py ■ A'^^tjib^l) ■ Py = a^^irriB^L) (19) 

and Py = {.\fl, \l\)-> bounds on the A6 are, 

A6^« + AA6r^<7.1, (20) 
A6f^ + Aa5|-^ < 6.9, 

^A6^^ + ^A6i«,+^p^-A7-py<10.8. 

Even with this restriction in the scales we found 15610 solutions, more than 
in the PS case, due to the fact that there are more A6's that can be var- 
ied to obtain solutions. The qualitative features of the running of the gauge 
couplings are shown for two examples in fig. (E]). In those two examples 
the (A6f^,A6i«,A6^^,A6^^^,A6f-^,A6f-^, A7Rfi,A7x/?, A7xx) have been chosen as 
(0, 1, 3, 3, 0, 0, 1/2, - ^/sTs, 3/4) (left) and (2, 2, 4, 8, 2, 2, 1/2, -^sTs, 11/4) (right). The for- 
mer corresponds to the minimal configuration ^ _i + 1 1/2 -1 lower regime 
and $1,1,2,-1 + "^1, 1,2,-1 + $1,1,3,0 + "^1,2,1,1 + $1,2,1,1 in the higher (LR-symmetric regime). 
The latter corresponds to $'1,1,1/2,-1 + $'1,1,1/2,-1 + "^'1,3^0,0 + 2$3,i,i,-2/3 + 2$3,y,-2/3 and 
2($i,i,2,-i + $1,1,2,-1) + $1,1,3,0 + +$1,3,1,0 + $1,1,1,2 + $1,1,1,2 + 2($3,i,i,-2/3 + $3,1,1,-2/3), 
respectively. 

For models in this class, the sliding condition requires that the unification scale is inde- 
pendent of niB-L and this happens when 



^ [Abr^ - A6^^ p^-a,.py- Abr^ .y_^^y ^ j^^,, _ 

(21) 

Similarly to PS models, in this class of models the higher intermediate scale (m/j) depends, 
in general, on the lower one (m^-L)- However, there is also here a special condition which 
makes both itlb and mc simultaneously independent of rriB-L, which is 

A6f ^ = Ab^^ = ■ A7 ■ Py. (22) 

Models of this kind are, for example, those with A63 = and m^j large, namely m/j > 10^'^ 
GeV. One case is given by the model in [16|, where rriR ~ 4 x 10^^ GeV. 
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Figure 6: Gauge coupling unification in models with an U{1)r x U{1)b-l intermediate scale, 
for lUR = 103 GeV. Left: (Ab^^^, Ab^"^, Abjf, Abj^^^^^ Abt"" , ^bf^^ ^IRR, ^IXR, Ajxx) = 
(0,1,3,3,0,0,1/2,-7378,3/4). Right: (2,2,4,8,2,2,1/2,-^378,11/4). The line, which appears 
close to zero in the U (1)_r x U{1) b-l regime is the running of the off-diagonal element of the matrix 
, i.e. measures the size of the C/(l)-mixing in the model. 



III. INVARIANTS 



A. Leading-Log RGE Invariants 



In this section we briefly recall the basic deflnitions 16| for the calculation of the "in 



variants" 2ll-l23l]. In mSugra there are four continuous and one discrete parameter: The 
common gaugino mass Mi/,, the common scalar mass mo, the trilinear coupling Aq and the 
choice of the sign of the /i-parameter, sgn(/i). In addition, the ratio of vacuum expectation 
values of and H^, tan/3 = ^ is a free parameter. The latter is the only one deflned at 
the weak scale, while all the others are assigned a value at the GUT scale. 

Gaugino masses scale as gauge couplings do and so the requirement of GCU flxes the 
gaugino masses at the low scale 

M.imsusy) = ^^^^^^My,. (23) 

Neglecting the Yukawa and soft trilinear couplings for the soft mass parameters of the flrst 
two generations of sfermions one can write 



A/f2 N R 



m? — m, 



f ' ~ 2W 



E E (a£ + a2) log ^ . (24) 



G i?, i=i ' m 

Here, the sum over "-Rj" runs over the different regimes in the models under consideration, 
while the sum over i runs over all gauge groups in a given regime. m_^^ and are the 
upper and lower boundaries of the Rj regime and a^^, are the values of the gauge 
coupling of group i, ai, at these scales. As for the coefficients q, they can be calculated 
from the quadratic Casimir of representations of each field under each gauge group i and 



18 



are given for example in 16j. In the presence of multiple U(l) gauge groups the RGEs 



are different (see for instance 
generalization of equation 



33 



and references contained therein) and this leads to a 
for the U(l) mixing phase [l6|. Here we just quote the 
end result (with a minor correction to the one shown in this last reference) ignoring the 
non-U(l) groups: 



Ml 



TTQ!, 



G 



A+)A+Qf log 



m_ 



(25) 



where m+ and m„ are the boundary scales of the U(l) mixing regime and A^, A- are the A 
matrix defined in the previous section (which generalizes a) evaluated in these two limits. 
Likewise, 'fh'l, and are the values of the soft mass parameter of the sfermion / at these 



two energy scales. The equation above is a good approximation to the result obtained by 
integration of the following 1-loop RGE for the soft masses which assumes unification of 
gaugino masses and gauge coupling constants: 



d ^ 2 
dt f 



AMI 



a 



,^Q]A^Qf. 

G 



(26) 



Note that in the limit where the U(l) mixing phase extends all the way up to the 
A matrix measured at different energy scales will always commute and therefore equation 
(125|) presented here matches the one in 16|] and in fact both are exact integrations of ( l26l) . 
However, if this is not the case, it is expected that there will be a small discrepancy between 
the two approximations, which nevertheless is numerically small and therefore negligible. 

From the five soft sfermion mass parameters of the MSSM and one of the gaugino 
masses it is possible to form four different combinations that, at 1-loop level in the leading- 
log approximation, do not depend on the values of mo and M1/2 and are therefore called 
invariants: 



LE 
QE 
DL 
QU 



(m| - m|)/M2, 
(m|-m|)/M2, 
(m| - m|)/M2, 
(m|-m|)/M2. 



(27) 



While being pure numbers in the MSSM, invariants depend on the particle content and 
gauge group in the intermediate stages, as shown by eq. (^2M . 

We will not discuss errors in the calculation of the invariants in detail, we refer the 
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interested reader to [16| and for classical SU (5) based SUSY seesaw models to 

We close this subsection by discussing that not all model variants which we presented 
in section [TTl will be testable by measurements involving invariants at the LHC. According 
to 3J] the LHC at ^/s = 14 TeV will be able to explore SUSY masses up to rrig ~ 3.2 



TeV (3.6 TeV) for nig 



nig and of nig ~ 1.8 TeV (2.3 TeV) for niq ^ rUg with 300 fb" 
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(3000 fb ^). The LEP limit on the chargino, m-^ > 105 GeV 2J], translates into a lower 



bound for M1/2, with the value depending on the Ab. For the class-I models with Ab = 5 
this leads to M1/2 > 1.06 TeV. One can assume conservatively rriQ = GeV and calculate 
from this lower bound on M1/2 a lower limit on the expected squark masses in the different 
variants. All variants with squark masses above the expected reach of the LHC-14 will then 
not be testable via measurements of the invariants. This discards all models with Ab = 5 
as untestable unfortunately. 

For completeness we mention that if we take the present LHC limit on the gluino, 
rrig > 1.1 TeV 35|], this will translate into a lower limit M1/2 > 4.31 TeV for Ab = 5. We 
have also checked that models with Ab = 4, can still have squarks with masses testable at 
LHC, even for the more recent LHC bound on the gluino mass. 



B. Classification for invariants 

The invariants defined in eq. fl27l) are pure numbers in mSugra and receive corrections 
which can, in principle, either be positive or negative once new superfields (and/or gauge 
groups) are added to the MSSM. If we simply consider whether invariants are larger or 
smaller than their respective values in mSugra, with four invariants there are in principle 
2^ = 16 possibilities. We arbitrarily assign each of them a number as listed in table UTTl 



Set # 


1 


2 


3 


4 


5 


6 


7 


8 


9 


10 


11 


12 


13 


14 


15 


16 


ALE 


+ 


+ 


+ 


+ 


+ 


+ 


+ 


+ 


















AQE 


+ 


+ 


+ 




+ 








+ 


+ 


+ 




+ 








ADL 


+ 


+ 




+ 




+ 






+ 


+ 




+ 




+ 






AQU 


+ 




+ 


+ 






+ 




+ 




+ 


+ 






+ 




Class-I? 


y 


y 
















y 








y 






Class-II? 




y 


y 






y 


y 


y 




y 








y 




y 


Class-Ill? 


y 


y 
















y 








y 







Table III: The 16 different combinations of signs for 4 invariants. We assign a if the corre- 
sponding invariant at msusY is larger than its value in mSugra and "— " otherwise. As discussed 
in the text, only 9 of the 16 different sign combinations can be realized in the models we consider. 
Moreover, for class-I only the sets 1,2, 10 and 14 can be realized, see discussion. For class-Ill we 
also have found only sets 1,2, 10 and 14, but here our search was not exhaustive. 

However, it is easy to demonstrate that not all of the 16 sets can be realized in the three 
classes of models we consider. This can be understood as follows. If all sfermions have a 
common mo at the GUT scale, then one can show that 

m~ - m~ + m~ - 2m~ + m~ = (28) 

h/ L L) U (J ^ ^ 
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holds independent of the energy scale, at which soft masses are evaluated. This relation is 
general, regardless of the combination of intermediate scales that we may consider and for all 
gauge groups we consider. It is a straightforward consequence of the charge assignments of 
the standard model fermions and can be easily checked by calculating the Dynkin coefficients 
of the E,L,D,U and Q representation in the different regimes. In terms of the invariants, 
this relation becomes: 



QE = DL + 2QU, 



(29) 



i.e. only three of the four invariants are independent. From eq. fl2^ it is clear that if ADL 
and AQU are both positive (negative), then AQE must be also positive (negative). This 
immediately excludes the sets 4, 5, 12 and 13. 

Within the MSSM group eq. (BSj) allows one relation among the invariants. However, 
one can calculate the relations among the Dynkin indices of the MSSM sfermions within 
the extended gauge groups we are considering and in these there is one additional relation: 



QU = LE. 



(30) 



Since eq. fl5U]) is valid only in the regime(s) with extended gauge group(s), it is not exact, 
once the running within the MSSM regime is included. However, taking into account the 
running within the MSSM group one can write: 



QU = LE + fimR), 



with 



— af^^*^log^ 



rriR 



\fnsusY 



n -2 



(31) 



(32) 



Here, the value of ai at msusY- It is easy to see that f{mfi) is always small 

(< 0.3) and positive and, vanishes if niR approaches msusY- Note, that here niR stands for 
the scale where the MSSM group is extended, in the class-Ill models it is therefore rrtB-L- 

Eq. flHT]) allows to eliminate three more cases from table lllli Since fimpi) is positive, 
AQU < ALE always, so, it is not possible to have ALE = — and AQU = +. This excludes 
three additional sets from table llllt 9, 11 and 15, leaving a total of 9 possible sets. 

Finally, in class-I models it is possible to eliminate four more sets, namely all of those 
with ADL < 0. It is easy to see, with the help of eq.( l2^ that this is the case. It follows 
from the fact that in the LR case, the cf are non-zero for U{1)b~l and SU{2)l with the 
values 3/4 and 3/2, respectively. Since also the sum is smaller than the (and is larger 
than the other couplings, D must run faster than L in the LR-regime. 

By the above reasoning set 6 seems to be, in principle, possible in class-I, but is not 
realized in our complete scan. We found a few examples in class-II, see below. Due to the 
(approximate) relation QU=LE it seems a particularly fine-tuned situation. We also note 



21 



in passing, that in the high-scale seesaw models of type-II 22j and seesaw type-III 23|] with 
running only within the MSSM group, all invariants run always towards larger values, i.e. 
only set 1 is realized in this case. 

The above discussion serves only as a general classification of the types of sets of in- 
variants that can be realized in the different model classes. The numerical values of the 
invariants, however, depend on both, the variant of the model class and the scale of the 
symmetry breaking. We will discuss one example for each possible set next. 



C. Invariants in model class-I 

Fig. ([7]) shows examples of the m/j dependence of the invariants corresponding to the four 
cases: sets 1, 2, 10 and 14 of table UTTl Note that we have scaled down the invariants QE 
and DL for practical reasons. Note also the different scales in the different plots. 



Set 1 



Set 2 




10^ lO** 10" lO'" 10'^ 10" 10'" 
niR (GeV) 

Set 10 



lO"* 10" 10* 10'° 10'^ 10'" 10'" 
niR (GeV) 

Set 14 




— QE 

10 ^ 




-DL 

10 




1 1 1 


II 



lO'' 10" 10* 10'" 10'- lO'-t 10'" 
nifi (GeV) 



10"* 10" 10* 10'" 10'' 10'" 10'" 
niR (GeV) 



Figure 7: dependence of the invariants in model class-1. The examples of Ab^^ = 

{Ab^^,b^^,Abjf ,Ab^^) for these sets are as follows. Set 1: (2,2,9,1/2), Set 2: (1,1,7,1), 
Set 10: (4,4,3,29/2), Set 14: (0,0,2,6). For a discussion see text. 

In all cases QU ~ LE, if the LR scale extends to very low energies. As explained above, 
this is a general feature of the extended gauge groups we consider and thus, measuring a 
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non-zero QU-LE allows in our setups, in principle, to derive a lower limit on the scale at 
which the extended gauge group is broken. 

Sets 1 and 2 show a quite similar overall behavior in these examples. Set 1, however, 
can also be found in variants of class-I with larger /3 coefficients, i.e. larger quantitative 
changes with respect to the mSugra values. It is possible to find variants within class-I 
which fall into set 2, but again due to the required similarity of QU and LE, this set can 
be realized only if both QU and LE are numerically very close to their mSugra values. Set 
14 in class-I, finally, is possible only with QE and DL close to their mSugra values, as can 
be understood from eq. (12^ . 

In general, for variants with large Ab^^ changes in the invariants can be huge, see for 
example the plot shown for set 10. The large change is mainly due to the rapid running 
of the gaugino masses in these variants, but also the sfermion spectrum is very "deformed" 
with respect to mSugra expectations. For example, a negative LE means of course that left 
sleptons are lighter than right sleptons, a feature that can never be found in the "pure" 
mSugra model. Recall that for solutions with Ab^^ = 5, the value of the squark masses 
lies beyond the reach of the LHC. 



D. Model class-II 

Fig. ([H]) shows examples of the invariants for class-II models for those cases of sets, 
which can not be covered in class-I. Again, QU and DL are scaled and different plots show 
differently scaled axes. 

The example for set 3 shown in fig. ([8]) is similar to the one of the original prototype 



model constructed in [16|. For set 6 we have found only a few examples, all of them show 
invariants which hardly change with respect to the mSugra values of the invariants. The 
example for set 7 shows that also QE can decrease considerably in some variants with 
respect to its mSugra value. Set 8 is quantitatively similar to set 2 and set 16 quite similar 
numerically to set 14. To distinguish these, highly accurate SUSY mass measurements 
would be necessary. 

Again we note that larger values of Ab^^, especially large Ab^^, usually lead to numer- 
ically larger changes in the invariants, making these models in principle easier to test. 



E. Model class-Ill 

Here, the invariants depend on ms-L with a milder or stronger dependence, depending 
on the value of A&3. For almost all the solutions with A63 = , the values QU, DL, 
QE are constants and only in LE a mild variation with niB-L is found. This fact was 



already pointed out in 16|]. However, we have found that class-Ill models can be made 



with Abs > and these, in general, lead to invariants which are qualitatively similar to the 
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Set 3 



Set 6 




— QE 

10 ^ 



lO"* 10** 10* 10'° 10'^ 10'* 10'" 
niR (GeV) 




\& 10" 10** 10'° 10'' 10'" 10'" 
iriR (GeV) 



■S 1.6 



Set 7 




10"* 10" 10* 10'° 10'^ 10'-* 10'" 
niR (GeV) 



Set 8 



Set 16 




10-* 10" 10* 10'" 10'^ lO'-t 10'" 
ms (GeV) 



10** 10" 10** 10'° 10'- 10'" 10'" 
inR (GeV) 



Figure 8: The m/j dependence of the invariants in model class-II. The examples shown 
correspond to the choices of = (A6P, A6^^, A6|j^, A6^f , A6f ^, A6£^, A6g^): Set 3: 
(0,1,10,3/2,14,9,13), Set 6: (0,0,1,9/2,63,60,114), Set 7: (0,3,12,1.5,6,3,15), Set 8: 
(0,0,9,1.5,11,8,12), Set 16: (0,0,7,1.5,11,8,10). 

case of class-I discussed above. In fig. dH]) we show two examples of invariants for class-Ill, 
one with A63 = and one with Afes = 1. 

The solutions with A63 7^ fall in two kinds: The minimum value of m/j is very large. 
Then, the invariants have the same behavior than those in which A63 = 0. The minimum 
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Figure 9: The itib-l dependence of the invariants in Model III. To the left the example chooses: 
(A6P, A6i«, A6^^, Abj^i, A6f ^, A6f ^, A^rr, A^xr, A^xx) = (0, 1, 3, 3, 0, 0, 1/2, -^3/8, 3/4). 
To the right: (2,2,4,8,2,2,1/2,-7378,11/4). 

value of mf> is low. The invariants are not constants and look similar to the ones in the 
class-I models. The generally mild dependence on itib-l can be understood, since it enters 
into the soft masses only through the changes in the abelian gauge couplings. Class-Ill 
models are therefore the hardest to "test" using invariants. 



F. Comparison of model classes 

The classification of variants that we have discussed in section UlI Bl only takes into ac- 
count what happens when the lowest intermediate scale is very low, 0{msusY)- When 
one varies continuously the lowest intermediate scale (m^j in the LR and PS-class mod- 
els or iJiB-L in the BL-class of models), each variant draws a line in the 4-dimensional 
space {LE,QU, DL,QE). The dimensionality of such a plot can be lowered if we use 
the (approximate) relations between the invariants shown above, namely QU ~ LE and 
QE = DL + 2QU. We can then choose two independent ones, for example LE and QE, 
so that the only non-trivial information between the 4 invariants is encoded in a {LE, QE) 
plot. In this way, it is possible to simultaneous display the predictions of different variants. 
This was done in fig. ( fTOl) . where LR-, PS- and BL- variants are drawn together. The plot is 
exhaustive in the sense that it includes all LR-variants, as well as all PS- and BL-variants 
which can have the highest intermediate scale below 10^ GeV. In all cases, we required that 
at unification is larger than 1/2 when the lowest intermediate scale is equal to msusY- 

There is a dot in the middle of the figure - the mSugra point - which corresponds to 
the prediction of mSugra models, in the approximation used. It is expected that every 
model will draw a line with one end close to this point. This end-point corresponds to the 
limit where the intermediate scales are close to the GUT scale and therefore the running in 
the LR, PS and BL phases is small so the invariants should be similar to those in mSugra 
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-20 -10 10 20 

LE 

Figure 10: Parametric {LE, QE) plot for the different variants (see text). The thicker hnes labeled 
with I, II, III and IV indicate the result for the four prototype models presented in [l^ . 



models. So the general picture is that lines tend to start (when the lowest intermediate 
scale is of the order of 10"^ GeV) outside or at the periphery of the plot, away from the 
mSugra point and, as the intermediate scales increase, they converge towards the region of 
the mSugra point, in the middle of the plot. In fact, note that all the blue lines of LR-class 
models do touch this point, because we can slide the LR scale all the way to rriG- But in 
PS- and BL- models there are two intermediate scales and often the lowest one cannot be 
increased all the way up to mc, either because that would make the highest intermediate 
scale bigger than mc or because it would invert the natural ordering of the two intermediate 
scales. 

It is interesting to note that the BL-class with low niR can produce the same imprint 
in the sparticle masses as LR-models. This is to be expected because with close to 
ms^L the running in the U(l)-mixing phase is small, leading to predictions similar to 
LR-models. The equivalent limit for PS-class models is reached for very high mps, close 
to the GUT scale (see below). On the other hand, from fig. ( ITOl) we can see that a low 
nips actually leads to a very different signal on the soft sparticle masses. For example, a 
measurement of LE ^ 10 and QE ^ 15, together with compatible values for the other two 
invariants {QU ~ 10 and DL ^ —5) would immediately exclude all classes of models except 
PS-models, and in addition it would strongly suggest low PS and LR scales. 

Fig. fill I) illustrates the general behavior of PS-models as we increase the separation 
between the m^/j and mps scales. The red region in the {LE, QE) plot tends to rotate anti- 
clockwise until it reaches, for very high mps, the same region of points which is predicted 
by LR-models. Curiously, we also see in fig. ( ITTl) that some of these models actually predict 
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Figure 11: Parametric {LE, QE) plots for different PS-variants showing the effect of the PS scale. 

different invariant values from the ones of LR models. What happens in these cases is 
that since the PS phase is very short, it is possible to have many active fields in it which 
decouple at lower energies. So even though the running is short, the values of the different 
gauge couplings actually get very large corrections in this regime and these are uncommon 
in other settings. For example, it is possible in this special subclass of PS-models for to 
get bigger than 03/^4 before unifying! 

One can see from fig. (ITTi) that many, although not all PS-models can lead to large values 
of LE. This can happen for both low and high values of mps and is a rather particular 
feature of the class-II, which can not be found in the other classes. 
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IV. SUMMARY AND CONCLUSIONS 



We have discussed 5*0(10) based supersymmetric models with extended gauge group 
near the electro-weak scale, consistent with gauge coupling unification thanks to a "sliding 
scale" mechanism. We have discussed three different setups, which we call classes of models. 
The first and simplest chain we use breaks SO{10) through a left-right symmetric stage to 
the SM group, class-II uses an additional intermediate Pati-Salam stage, while in class-Ill 
we discuss models which break the LR-symmetric group first into a U{1)rxU{1) b^l group 
before reaching the SM group. We have shown that in each case many different variants 
and many configurations (or "proto-models") for each variant can be constructed. 

We have discussed that one can not only construct sliding models in which an inverse 



or linear seesaw is consistent with GCU, as done in earlier work [16|, [181, Il9|, but also all 
other known types of seesaws can, in principle, be found. We found example configurations 
for seesaw type-I, type-II and type-Ill and even inverse type-Ill (for which one example 
limited to class-II was previously discussed in jl6|). 

Due to the sliding scale property the different configurations predict potentially rich 
phenomenology at the LHC, although by the same reasoning the discovery of any of the 
additional particles the models predict is of course not guaranteed. However, even if all 
the new particles - including the gauge bosons of the extended gauge group - lie outside 
of the reach of the LHC, indirect tests of the models are possible from measurements of 
SUSY particle masses. We have discussed certain combinations of soft parameters, called 
"invariants", and shown that the invariants themselves can be classified into a few sets. 
Just determining to which set the experimental data belongs would allow to distinguish, 
at least in some cases, class-I from class-II models and also in all but one case our classes 
of models are different from the ordinary high-scale seesaw (type-II and type-Ill) models. 
Depending on the accuracy with which supersymmetric masses can be measured in the 
future, the invariants could be used to gain indirect information not only on the class of 
model and its variant realized in nature, but also give hints on the scale of beyond-MSSM 
physics, i.e. the energy scale at which the extended gauge group is broken. 

We add a few words of caution. First of all, our analysis is done completely at the 



1-loop level. It is known from numerical calculations for seesaw type-II [22| and seesaw 
type-Ill 23| that the invariants receive numerically important shifts at 2-loop level. In 
addition, there are also uncertainties in the calculation from GUT-scale thresholds and 
from uncertainties in the input parameters. For the latter the most important is most 



likely the error on as ^6|. With the huge number of models we have considered, taking 
into account all of these effects is impractical and, thus, our numerical results should be 
taken as approximate. However, should any signs of supersymmetry be found in the future, 
improvements in the calculations along these lines could be easily made, should it become 
necessary. More important for the calculation of the invariants is, of course, the assumption 
that SUSY breaking indeed is mSugra-like. Tests of the validity of this assumption can be 
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made also only indirectly. Many of the spectra we find, especially in the class-II models, 
are actually quite different from standard mSugra expectations and thus a pure MSSM- 
mSugra would give a bad fit to experimental data, if one of these models is realized in 
nature. However, all of our variants still fulfill (by construction) a certain sum rule, see the 
discussion in section UlI B[ 

Of course, so far no signs of supersymmetry have been seen at the LHC, but with 
the planned increase of y/s for the next run of the accelerator there is still quite a lot of 
parameter space to be explored. We note in this respect that we are not overly concerned 
about the Higgs mass, nih ~ (125 — 126) GeV, if the new resonance found by the ATLAS 
36| and CMS |37|] collaborations turns out to be indeed the lightest Higfis b oson. While 

that such a 
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for a pure MSSM with mSugra boundary conditions it is well-known 
hefty Higgs requires multi-TeV scalars, ^ all our models have an extended gauge symmetry. 
Thus, there are new D-terms contributing to the Higgs mass 43l. |44| . alleviating the need for 
large soft SUSY breaking terms, as has been explicitly shown in |45|, |46| for one particular 
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realization of a class-Ill model 

Finally, many of the configuration (or proto-models) which we have discussed contain 
exotic superfields, which might show up in the LHC. It might therefore be interesting to 
do a more detailed study of the phenomenology of at least some particular of the models 
we have constructed. 
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Appendix A: Lists of superfields 

We have considered 5*0(10) based models which may contain any irreducible represen- 
tation up to dimension 126 (1, 10, 16, 16, 45, 54, 120, 126, 126). Once the gauge 
group breaks down to 5f/(4) x SU{2)l x SU{2)r or Sf/(3)c x SU{2)l x SU{2)r x U{1)b-l 
these 5*0(10) fields divide into a multitude of different irreducible representation of these 



^ Multi-TeV scalars are also required, if the MSSM with mSugra boundary conditions is extended to include 



a high-scale seesaw mechanism [42 1. 
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groups. In addition, if SU{2)ji is broken down further to U{l)ii the following branching 
rules apply: 3 — ^ — 1,0, +1; 2 — ^ ±|; 1—^0. The standard model's hypercharge, in 
the canonical normalization, is then equal to the combination ^J^[U{l)fi hypercharge] + 

[U{1)b~l hypercharge]. In tables HVt IVl and |Vl] we present the list of relevant fields 
respecting the conditions above. In these tables we used an ordered naming of the fields. 
Sometimes it is also useful, like in tabled to indicate explicitly the quantum numbers under 
the various groups. 



$1 $2 $3 $4 $5 $6 $7 $8 $9 $10 $11 $12 $13 $14 



SU{3)c 11111181336633 
S'i7(2)L 12131211111121 



SU{2)r 11213211111112 

.2 ,4 ,2 _4 ,1 ,1 
3 ^3 ^3 3 ^3 ^3 



U{1)b-L +1 -1 +2 -1+1 +1 -| +1 +} 



PS *! _ *2 *10 — *8 

*12 «'13 *3 *4 ^'9 ^10 ^'9 ^11 ^'12 *13 

Origin vl>io *7 *ii *9 





$15 


$16 

A 


$17 

A" 


$18 


$19 


$20 


$21 


$22 


$23 


$24 


SU{3)c 


8 


1 


1 


3 


3 


3 


6 


6 


1 


3 


SU{2)l 


2 


3 


1 


2 


3 


1 


3 


1 


3 


2 


SU{2)n 


2 


1 


3 


2 


1 


3 


1 


3 


3 


2 


U{1)b-l 





-2 


-2 


+ 1 


2 
3 


2 
3 


+ ^ 
^3 


+^ 

^3 





2 

3 


PS 

Origin 


Vl>7 


^'16 


«'17 




*14 
*16 


^'15 
*17 


*16 


*17 


*5 


^'6 



Table IV: Naming conventions and transformation properties of fields in the left-right symmetric 
regime (not considering conjugates). The charges under the U{1)b-l group shown here were 
multiplied by a factor y^. 

In order for a group G to break into a subgroup H G G, there must be a field transforming 
non-trivially under G which contains a singlet of H that acquires vacuum expectation value. 
From this observation alone we know that certain fields must be present in a fundamental 
model if we are to achieve a given breaking sequence: 

• The breaking PS — LR is possible only with the (15,1,1) while PS — t- 3211 requires 
the combination (15,1,1) + (1,1,3). For the direct breaking PS 321 there are two 
choices: (4,1,2), (10,1,3) or their conjugates; 
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^1 


"^2 


^3 


^'4 


^5 


^6 


^7 


^-8 


^'9 


*10 


^11 


1'12 


^13 


^'14 




^16 


^'17 


SU{4) 


1 


1 


1 


1 


1 


6 


15 


6 


10 


15 


20' 


4 


4 


6 


6 


10 


10 


SU{2)l 


1 


2 


3 


1 


3 


2 


2 


1 


1 


1 


1 


2 


1 


3 


1 


3 


1 


SU{2)r 


1 


2 


1 


3 


3 


2 


2 


1 


1 


1 


1 


1 


2 


1 


3 


1 


3 


50(10) 
Origin 


1 

54 


10 
120 


45 


45 


54 


45 
54 


120 
126 


10 

126 


120 


45 


54 


16 


16 


120 


120 


126 


T26 



Table V: Naming conventions and transformation properties of fields in the Pati-Salam regime 
(not considering conjugates) 







$3 


$; 




$6 $7 


$8 


$9 $'lO 


$'ll 


$12 


$'l3 


$'l4 


$'l5 


$'l6 


5C/(3)c 


1 1 


1 


1 


1 


1 1 


8 


1 


3 


3 


6 


6 


3 


3 


3 


SU{2)l 


1 2 


1 


1 


3 


1 2 


1 


1 


1 


1 


1 


1 


2 


1 


1 


U{1)r 





1 

2 







+1 +i 























1 

2 


+\ 


U{1)b^l 


+1 


-1 


-1 











+2 


2 
3 


+! 


+1 


4 

3 




+ \ 


+ \ 


LR 
Origin 


<j), 

$5 


$3 


$3 


$4 
*23 


$5 $6 


$7 


$8 
$17 


$9 
*20 


$10 


$11 

$22 


$12 


$13 


$14 


$14 





$'l7 


$'l8 


$'l9 


$20 


$21 


$22 


$23 


$24 


$25 


$26 


$27 


$28 


$29 


$30 


$31 


5C/(3)c 


8 


1 


1 


1 


3 


3 


3 


3 


3 


6 


6 


6 


1 


3 


3 


5C/(2)l 


2 


3 


1 


1 


2 


2 


3 


1 


1 


3 


1 


1 


3 


2 


2 


U{1)r 


+^ 





-1 


+ 1 


1 

2 


+^ 





-1 


+1 





-1 


+1 


+ 1 


1 

2 


+\ 


U{1)b~l 





-2 


-2 


-2 


+ 1 


+1 


2 

3 


2 
3 


2 
3 


^3 


^3 


^3 





2 
3 


2 
3 


LR 

Origin 


$15 


$16 


$17 


$17 


$18 


$18 


$19 


$20 


$20 


$21 


$22 


$22 


$23 


$24 


$24 



Table VI: Naming conventions and transformation properties of fields in the U(l) mixing regime 
(not considering conjugates). The charges under the U{1)b-l group shown here were multiplied 
by a factor J | . 



• The breaking LR — )• 3211 requires the (1,1,3,0) representation while the direct route 
LR — ^ 321 is possible with the presence of (1,1,2,-1), (1,1,3,-2) or their conjugates; 

• The group 3211 can be broken down to 321 with the representations (1, 1,|,— 1), 
(1, 1, 1, —2) or their conjugates. 
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